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ABSTRACT
Aim Estuaries world-wide have been modified or fragmented due to human

stressors in their terrestrial and aquatic components. Estuary fragmentation
often results in reductions in species richness, diversity and connectivity. Effects
of human modification on estuaries have been well studied, but less is known
about how land use alters connectivity of the terrestrial–aquatic ecotone. We
studied the relationship between terrestrial–aquatic connectivity and the distribution of an estuarine turtle, diamondback terrapin (Malaclemys terrapin).
Location Chesapeake Bay, Virginia, USA.
Methods We conducted diamondback terrapin surveys at 165 sites from late

spring to mid-summer in 2012 and 2013. We evaluated associations between
terrapin occurrence, land use, salt marsh, shoreline armouring and crabbing
intensity in concentric–circular neighbourhoods ranging from 0.27 to 2 km to
cover daily and annual terrapin movements. We used occupancy modelling and
model averaging to identify key terrestrial and aquatic variables explaining heterogeneity in terrapin occupancy. We evaluated the final model with an
independent data set and identified occurrence thresholds for key variables.
Results Diamondback terrapin occupy areas with ≥ 10% of marsh within a
750-m neighbourhood, ≤ 17% armoured shoreline within a 1-km neighbourhood, ≤ 20% of agriculture within a 500-m neighbourhood, ≤ 33% low-density
housing within a 270-m neighbourhood and ≤ 9 active crab pots within a 270m neighbourhood. Our model performed well when evaluated with an independent data set.
Main conclusions We are the first to identify thresholds and quantify negative
associations between the distribution of diamondback terrapin and alterations
to terrestrial–aquatic connectivity from land development, shoreline armouring,
and fishing activity. Because diamondback terrapin responses are reflective of
changes in coastal habitats, especially marshes, terrapin occurrence can be used
to direct wetlands conservation and restoration efforts.
*Correspondence: Matthias Leu, Biology
Department, College of William & Mary,

Williamsburg, VA 23187, USA.
E-mail: mleu@wm.edu
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The degree of spatial and temporal exchange of energy,
material and organisms constitutes functional landscape connectivity (Wu, 2013). The majority of research on the
connectivity of ecological processes has occurred within
either terrestrial or aquatic systems, while connectivity at the
terrestrial–aquatic interface, which includes physical (Ells &

Murray, 2012), biogeochemical (Carpenter et al., 1999), and
biological interactions (Nakano & Murakami, 2001; Cristol
et al., 2008), is less understood (Talley et al., 2006). Research
primarily has focused on terrestrial effects on aquatic systems
through processes such as eutrophication (Kemp et al., 2005;
Worm & Lotze, 2006), shoreline armouring (Morley et al.,
2012), land use (Seitz et al., 2006; Bilkovic & Roggero,
2008), and non-native invasive species (Silliman & Bertness,
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2004; Chambers et al., 2012). Disturbance in either the terrestrial or aquatic system has the potential to decrease connectivity. However, beyond physical phenomena such as
waves, tides, and flooding, comparatively few studies have
demonstrated connectivity from aquatic to terrestrial ecosystems (Bouchard & Bjorndal, 2000; Cristol et al., 2008).
Of all anthropogenic modifications, landscape/seascape
fragmentation has the greatest effect on estuarine connectivity (Rizkalla & Swihart, 2006). The largest estuary in the
United States, the Chesapeake Bay, exemplifies estuarine
fragmentation (Jantz et al., 2005). For centuries, humans
have modified both terrestrial and aquatic systems within
this region by extracting resources for sustenance, defence,
and social and economic gain (Bradley, 2011). The ongoing
fragmentation has led to reductions in species abundance,
richness, diversity, and distribution (King et al., 2005; DeLuca
et al., 2008).
We investigated associations between the spatial distribution
of the diamondback terrapin (Malaclemys terrapin; terrapin
hereafter) throughout the Chesapeake Bay, Virginia, and factors that can influence functional connectivity at the terrestrial–aquatic ecotone. Terrapin feed, mature and mate in tidal
salt marshes and adjacent open water, but, like all reptiles, the
terrapin must lay its eggs on dry land (Brennessel, 2006).
Human activities can disrupt the connection between the nearshore aquatic and terrestrial ecosystems the terrapin inhabits.
For example, shoreline structures (i.e. bulkheads, riprap and
docks) are common throughout much of the Chesapeake Bay
(Isdell, 2014). Shoreline structures and armouring block terrapins from moving from the water to nesting habitat above the
tideline (Roosenburg, 1991; J. M. Winters pers. comm.). Additionally, shoreline armouring is associated with changes in species composition, and reductions in species richness and
structural complexity of nekton and benthic macroinvertebrate
communities (Bilkovic et al., 2006; Seitz et al., 2006; Bilkovic
& Roggero, 2008). These changes may reduce the availability
and diversity of prey for the terrapin. The abundance of terrapin in Virginia has not been estimated.
Coastal development increases the abundance of synanthropic terrapin-nest predators (animals that thrive in
human developed areas (Johnston, 2001)) such as raccoons
(Procyon lotor) and crows (Corvus spp.; Hart & Lee, 2006;
Ernst & Lovich, 2009). Terrapins also die as bycatch in active
or derelict blue crab (Callinectes sapidus) pots that have been
placed within their home ranges. Numerous studies have
shown that whether baited or unbaited, terrapins enter pots
and drown, sometimes in massive numbers (Roosenburg
et al., 1997; Grosse et al., 2011; Morris et al., 2011).
Our objectives for this study were to use occupancy modelling (MacKenzie et al., 2006) to (1) determine the distribution of terrapins throughout the southern Chesapeake Bay,
Virginia, (2) assess which habitat and human activities
affected their distribution, (3) explore possible connections
between terrapin distribution and terrestrial–aquatic linkages
and (4) identify management targets for restoration and conservation of estuaries in the Chesapeake Bay. We hypo-
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thesized that terrapin occupancy relates positively to their
primary habitat (salt marsh) and negatively to elevated levels
of human stressors, such as crabbing activity, shoreline
armouring, and coastal development.
METHODS
Study area
The Chesapeake Bay is located between the eastern and western shores of Maryland and Virginia, USA. Approximately
15,000 km of the bay’s shoreline falls within Virginia (NOAA
NGDC, 2000), where land use varies from wildlife management in refuges to agriculture, housing, and commercial and
industrial activities. An estimated 18% of the tidal shoreline
has been armoured to prevent erosion, 32% of riparian land
cover has been converted to residential or commercial development, and approximately 47,000 docks have been constructed (Titus et al., 2009; Center for Coastal Resources
Management, 2011). Commercial crabbing in the nearshore
waters is extensive throughout the Chesapeake Bay, with
more than 385,000 pots permitted in Virginia in 2013
(Bilkovic et al., 2014). Annually, approximately 20% of pots
are lost (Havens et al., 2008), and Bilkovic et al. (2014) conservatively estimated 50,000 derelict crab pots (those pots
lost or abandoned by fishermen) are added to the Virginia
portion of the Bay each year.
Survey design
We used a priori stratified, random sampling to select survey
points (Fig. 1) across gradients of variables previously determined to influence terrapin presence or absence (henceforth
occurrence) either positively (marsh) or negatively (shoreline
armouring and crabbing pressure; Roosenburg, 1991; Rook
et al., 2010). For a detailed explanation of our survey point
selection methodology, see Appendix S1 in Supporting Information. We visited each point by kayak on three occasions.
We conducted surveys from early May through late July
(2012) or early August (2013); we extended the field season
in 2013 because of adverse weather during May and June.
We used a Garmin GPSmap 60Cx to navigate to each survey
point, where we anchored our kayak 50  5 m from the
shoreline. Before the start of each survey, we measured
weather variables that might affect detection probabilities
(see Appendix S1). We scanned the open water for 15 min,
sufficiently long to detect any emerging terrapin during
months of peak activity (Brennessel, 2006) when average diving time is 8.4  5.7 min (Baker et al., 2013). We recorded
the time of each detection and used an 89 monocular laserrangefinder (Zeiss Victory PRF; Oberkochen, Baden-Württemberg, Germany) to estimate the distance between the
observer and a terrapin. At the end of each survey, we
recorded the distance from the observer to each crab-pot
buoy and used the number of pots within 270 m as a
measure of current crabbing intensity.
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Figure 1 The study area in the southern Chesapeake Bay. Black
circles indicate survey points; white circles indicate evaluation
points.

Site-specific covariates
We selected different landscape and seascape features to
explain the observed variation in terrapin distribution. We
obtained three terrestrial variables, low-intensity development, agriculture, and marsh, from SEGAP (Biodiversity &
Spatial Information Center, 2010). First, because terrapin
eggs and juveniles are known prey of synanthropic predators,
we predicted that low-intensity development would have a
negative effect on terrapin distribution. Terrapins have also
been observed nesting in agricultural fields (Roosenburg,
1994; Feinberg & Burke, 2003). We hypothesized that as the
amount of suitable nesting beach in an area declined due to
human development, terrapins might turn to agricultural
fields as an alternate nesting substrate. Therefore, we predicted that agriculture might have a positive effect on terrapin distribution. Terrapins occurring along the Atlantic coast
have been shown to rely on marshes for both food and shelter (Roosenburg et al., 1999; Brennessel, 2006; Butler et al.,
2006). We hypothesized that terrapin occupancy would be
positively related to the amount of marsh in an area.
We also included variables at the terrestrial–aquatic ecotone to explain the observed heterogeneity in terrapin distribution. We included shoreline armouring because it prevents
terrapins from moving from the water to land above the
tide-line (Roosenburg, 1991; J. M. Winters pers. comm.). For

Diversity and Distributions, 21, 643–653, ª 2015 John Wiley & Sons Ltd

shoreline armouring data (Center for Coastal Resources
Management, 2011), we calculated the proportion of shoreline armouring for the total shoreline length in a given area.
Additionally, to account for the heterogeneous distribution
of armoured shoreline within an area, we generated the biological distance (i.e. not the shortest distance but the distance
based on area where terrapins would traverse) from each survey point along the shoreline to the nearest section of
armouring. All spatial analyses were conducted in ARCGIS 10.0
(ESRI, 2011).
To account for aquatic threats, we included derelict and
active blue crab pots in our analyses. A Marine Debris Location and Removal Program conducted in Virginia over four
consecutive winters (2008–2012) recovered nearly 32,000 spatially referenced derelict (lost or abandoned) pots using sidescan sonar (Bilkovic et al., 2014). We used this data set as
both a way to assess the potential impact of derelict crab
pots on terrapin distribution as well as a proxy for crabbing
pressure prior to the beginning of this study. Because no
spatial data set of active pots existed, we used the mean
number of pots counted at each survey point. As crabbing
pressure varies throughout the season, we divided the mean
number of pots per site by the SE + 1; we added one to the
SE to avoid dividing by SE = 0 for sites where crab pot
counts were homogenous. We used mean adjusted by SE as
it weighted sites with consistent crabbing pressure higher
than sites with sporadic crabbing pressure.
All site-specific covariates (with the exception of active
pots) were evaluated in concentric–circular neighbourhoods
ranging in radii from 270 m to 2 km with intervals of
~ 250 m. Neighbourhood extents overlap with daily and
annual terrapin habitat use. We used focal statistics to calculate either proportion or intensity within neighbourhoods for
all survey points.
Occupancy models
We used single-season occupancy models (MacKenzie et al.,
2006) to estimate detection probability (P) based on surveyspecific covariates and occupancy W) on the basis of site-specific covariates at all neighbourhood sizes. We conducted all
occupancy modelling in package ‘Unmarked’ (Fiske & Chandler, 2011) in R (R Development Core Team, 2011). We first
identified the best neighbourhood size for each site-specific covariate using univariate analyses where the neighbourhood size
with the lowest Akaike’s information criterion (AIC) value was
retained. Any survey-specific covariate and the neighbourhood
size for each site-specific covariate that received a lower AIC
value than the null model was then selected for inclusion in a
global model. We then used Pearson’s correlation coefficient
to test multicollinearity among selected variables. If two or
more variables had a correlation coefficient > 0.7, we retained
the variable that we hypothesized had the strongest relationship with occupancy (Leu et al., 2011). Additionally, we plotted dependent and independent variables to check for linear
and nonlinear associations (Zuur et al., 2010). We centred and
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scaled all of the variables on the basis of means and standard
deviations from all points.
We included all statistically independent variables in a global model and ran models with all possible combinations of
those variables (Doherty et al., 2012). Although we estimated
detection probability as a function of survey-specific covariates (see Table S1), those associations were not our focus.
We model-averaged parameter estimates for variables
included in the set of models for which AIC model weights
summed to 0.95 of the cumulative AIC weight (Burnham &
Anderson, 2002). We included the model-averaged parameter
estimates in a final model to estimate probability of occurrence at each point. We assessed model predictive capabilities
by computing the area under the receiver-operator curve
(AUC). We used package ‘ROCR’ (Sing et al., 2013) in R (R
Development Core Team, 2011) to derive the cut-off value –
the probability of occurrence at which the model predicts
false positives and false negatives with equal accuracy (Metz,
1978). Although Lobo et al. (2008) questioned the use of
AUC to assess model predictive capabilities, a high AUC in
combination with model evaluation typically increases confidence in the predictive capabilities of a model.
We spatially applied the final model to create a predictive
surface map. All predictions were restricted to within
1500 m of the shoreline based on radio telemetry estimates
of terrapin movement patterns (Tulipani 2013).
Model evaluation
To determine whether the final model effectively predicted
occurrence beyond the original data set, we used an independent data set of terrapin presence locations collected by boat
surveys during summer 2011 (Bilkovic et al. 2012). Surveys
were conducted across a large portion of Virginia’s middle
peninsula (Fig. 1), and each of the 174 terrapin presence locations was georeferenced. For each observation, we extracted
predicted occupancy values from the final model. Because our
evaluation data set only included presence locations, we binned the extracted and study area-wide occupancy probabilities
into deciles (i.e. 0–10%, 11–20%, . . ., 91–100%) and calculated
the proportion of the study area in each bin. We estimated the
expected number of observations in each bin as
Bi NWi
N
10 

P
Bi NWi

(1)

i¼1

where Bi is proportion of the study area in the ith bin, N is
number of observations in the validation data, and Wi is
median value of the predicted probability of occurrence for
the ith bin. We used linear regression to assess fit between
model predictions and observations. A perfect model would
have a slope of 1 and an intercept of 0.
Thresholds
We identified thresholds for spatial predictor variables above
or below which terrapins were present using the Dose
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Response Calculator for ARCGIS (Hanser et al., 2011). Thresholds for spatial variables were determined where the predicted occupancy curve intersected the predicted occupancy
cut-off value derived from the sensitivity–specificity analysis
(Liu et al., 2005). We calculated the predicted occupancy
curve across the range of values for each spatial variable
while keeping all other variables in the model at mean value.
The intersection value was then used to estimate the threshold for each spatial predictor variable. We fit a loess curve to
the predicted probability of occurrence and its upper and
lower 95% confidence intervals. The same methods were
used to derive the threshold for the active crab pots (local
variable), but rather than using occupancy values derived
from the entire study area, we used study site-specific values.
RESULTS
We surveyed a total of 165 sites (85 in 2012, 80 in 2013;
Fig. 1), with an average distance between sites of
1,011  159 m (mean  SE). Terrapins were observed at 55
of the 165 sites (na€ıve occupancy = 33%). Of sites where terrapins were detected, 66% had ≤ 3 terrapins in total (range
1–14 terrapins) across three surveys. Two detection covariates, starting time and precipitation, explained heterogeneity
in detection probabilities. Estimates of detection probability
did not differ substantially between the null model
(0.49  0.05) and the averaged models (0.46  0.07). We
found no nonlinear associations between the dependent and
independent variables, nor any multicollinearity among variables that had lower AIC values than the null model. Our
model structure consisted of six site-specific and two detection covariates.
Terrapins were susceptible to anthropogenic stressors at
multiple scales, ranging from 270 to 1,000 m. Within the
home range scale, terrapin occurrence was affected by the
proportion of low-intensity development within a 270-m
neighbourhood, the number of active crab pots within a
270-m neighbourhood, the proportion of agriculture within
a 500-m neighbourhood and the number of derelict crab
pots within a 500-m neighbourhood. The proportion of
marsh within a 750-m neighbourhood and the proportion
of armoured shoreline within a 1-km neighbourhood had
an effect on terrapin occurrence at or just above the terrapin home range scale. Cost–path distance from sites to
shoreline armouring was not an important predictor of terrapin occupancy (see Table S2 for AIC values and variable
selection).
Proportion of marsh within a 750-m neighbourhood had
the strongest positive effect and proportion of agriculture
within a 500-m neighbourhood had the strongest negative
effect on terrapin occupancy. Both current crabbing intensity
and per cent armoured shoreline within a 1-km neighbourhood had intermediate negative effects on occupancy
(Table 1). The final, spatially applied model (Fig. 2) was
based on 45 models accounting for 95% of the total AIC
weight (see Table S3).
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Table 1 Model-averaged regression coefficients and standard errors for variables included in the 45 models for which cumulative
Akaike’s information criterion (AIC) weights summed to 0.95. Variables were centred and scaled to make the b-values directly
comparable.
Variable

Neighbourhood (m)

b

SE

AIC cumulative weight

Intercept
Proportion of marsh
Proportion of agriculture
Current number of crab pots
Percentage of shoreline armoured
Percentage of low-intensity development
Number of derelict crab pots

750
500
270
1000
270
500

3.69
2.64
1.37
0.90
0.80
0.48
0.11

0.85
1.05
0.67
0.40
0.49
0.37
0.06

1.00
0.89
0.72
0.48
0.44
0.54

The sensitivity–specificity analyses showed an optimal
occupancy cut-off of 0.39 and AUC = 0.91, indicating a
robust predictive model. Model-based conditional estimates
of occupancy (points where terrapins were observed or predicted probability of occurrence was > 0.39) indicated 73 of
165 sites (44%) were likely occupied (versus our 33% na€ıve
occupancy estimate). Most of these occupied sites were
within extensive marshes. Our model suggested that 26% of
the shoreline in our study was occupied by terrapin and that
the most extensively occupied areas were along the northeast sector of our study area (Fig. 2a) and along the western
shore near the open waters of the Chesapeake Bay. These
areas are relatively far from urban development.
We found that our final model predicted well when evaluated with independent terrapin presence data collected in the
western portion of the study area. Predicted and observed
values related positively (P < 0.001). Neither the intercept
(b0 = 2.59, SE = 2.42) nor the slope (b1 = 0.85, SE = 0.08)
varied significantly (a = 0.05) from the expected values of 0
and 1, respectively. The adjusted R2 for the model was 0.92.
We ran dose–response calculations to estimate terrapin
occupancy thresholds for proportion of salt marsh, agriculture, low-intensity housing, armoured shoreline, derelict crab
pots and active crab pots (Fig. 3). Terrapin were unlikely to
occur in areas with < 10% (17.6 ha) of salt marsh within a
750-m neighbourhood (Fig. 3a). On the basis of this threshold, approximately 72% of shoreline in the study area is
unsuitable for terrapin. Thresholds for the other variables,
above which terrapin presence was unlikely, were ≥ 17%
armoured shoreline within a 1-km neighbourhood, ≥ 19.6%
(15.4 ha) of agriculture within a 500-m neighbourhood,
≥ 33% (7.6 ha) of low-intensity housing within a 270-m
neighbourhood and ≥ 9 active pots within a 270-m neighbourhood (Fig. 3b–d, f). Because the upper confidence interval for derelict crab pots did not cross the occupancy
threshold, we were unable to define a threshold for this
variable.
DISCUSSION
We are the first to quantify multiple-scale associations
between terrapin distribution and habitat variables. Our
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study documents a strong association with marsh and identified a 10% threshold within a neighbourhood of 750 m,
which suggests that the terrapin is an area-sensitive species.
As such, we attribute the negative associations of terrapin
with the terrestrial–aquatic modifications examined in this
study to the effects of marsh fragmentation and subsequent
altered connectivity. Further, our work suggests that terrapins respond in predictable ways to alterations to the
aquatic–terrestrial ecotone.
Our study suggests that terrestrial–aquatic connectivity is
influenced at multiple scales, as has been well established
separately for both terrestrial (Bergin et al., 2000; Hanser
et al., 2011; Martin & Fahrig, 2012; Soranno et al., 2014)
and aquatic systems (Bostr€
om et al., 2011; Hitt et al., 2011;
Wedding et al., 2011). We identified a number of spatial
scale-dependent factors that were associated with the distribution of terrapin. Both the proportion of armoured shoreline within a 1-km neighbourhood and the proportion of
marsh within a 750-m neighbourhood explained heterogeneity of terrapin occupancy at or just beyond the home range
scale. Important variables within the home range scale are
agricultural land cover and derelict crab pots within a 500-m
neighbourhood. Proportion of low-intensity development
within a 270-m neighbourhood was associated with local distribution of terrapin, likely determining whether a section of
shoreline within a terrapin’s home range was unsuitable.
These results are consistent with the results of other studies
of turtles where habitat variables were most important at the
home range scale (Rasmussen & Litzgus, 2010).
Our study suggests that terrapins are area sensitive to
marsh and that marshes in excess of 17.6 ha within a 750-m
neighbourhood are most suitable. While not a focus of our
study, the effect of marsh configuration on terrapin occupancy is an important consideration and worthy of future
investigation. For example, the total area of fringing marshes
along a convoluted shoreline may exceed the above threshold
and even support ‘robust terrapin populations’, as observed
in Maryland (W. M. Roosenburg pers. comm.). Smaller total
areas of narrow, disjunct fringing marshes, however, may not
be sufficient for core terrapin habitat, but may still provide
food and shelter for dispersing individuals or females on
long-distance nesting forays. In this sense, the connectivity
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(a)

(b)

Figure 2 Predicted probability of
occupancy (Ψ) of diamondback terrapin
in the Chesapeake Bay, Virginia, and
illustrative sections of shoreline with high
(a) and low (b) probabilities of
occupancy.

(a)

(c)

(d)

(e)

(f)

between core terrapin habitat may be mediated by narrow
fringing marshes.
Contrary to our hypothesis, we found a strong, negative
association between per cent cover of agricultural land and
terrapin occupancy. Although no studies have demonstrated
that agriculture is the mechanism for decreased terrapin
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(b)

Figure 3 Dose–response relationship for
variables associated strongly with
probability of terrapin occurrence. Solid
black lines represent predicted
probability of occurrence; short-dashed
lines delineate upper and lower 95%
confidence intervals; dotted lines indicate
intersection between the upper 95%
confidence interval and the predicted
occupancy threshold value; and
horizontal long-dashed lines represent
predicted occupancy threshold value.
Grey bars indicate the proportion of the
study area in each bin. Note that the
right axis on panel (f) is proportion of
study sites rather than proportion of
study area.Panels a-e represent % marsh,
% armoured shoreline, % agriculture, %
low-intensity development, and number
of derelict pots, respectively.

occurrence, synanthropic predators including the American
crow (Corvus brachyrhynchos), fish crow (Corvus ossifragus),
raccoon and red fox (Vulpes vulpes) thrive in landscapes
dominated by agriculture (Johnston, 2001; Graser et al.,
2012) and in urban areas (Marzluff et al., 2001). Many agricultural fields are ploughed in spring, which provides open,
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loose soil near the beginning of the nesting season. However,
as crops grow, roots (a common source of nest mortality on
beaches (Brennessel, 2006)) and agricultural activities (e.g.
application of biocides and cultivation) may destroy nests.
Agricultural lands are ecological traps for other species
(Hiron et al., 2012; Northrup et al., 2012), and some species
of turtles avoid agricultural lands (Bodie & Semlitsch, 2000;
Rizkalla & Swihart, 2006). Although agricultural run-off is
often cited as a cause of estuarine eutrophication (Kemp
et al., 2005), the effects of eutrophication on terrapin distribution are unclear.
Other studies have demonstrated reductions in estuarine
integrity when 10–25% of the shoreline is armoured (Silliman & Bertness, 2004; Bilkovic et al., 2006; Bilkovic & Roggero, 2008; DeLuca et al., 2008). Our threshold of 17%
(Fig. 3b) falls within the ranges documented by these other
studies. Although shoreline armouring prevents terrapin
from accessing a given location (Roosenburg, 1991; Wnek,
2010), the effect of armouring on terrapin distribution is
likely from a reduction in habitat quality across extensive
areas rather than a local nesting effect. Other studies have
indicated that shoreline armouring is increasing rapidly
(Isdell, 2014) and will continue to increase in the future
(Woth et al., 2006). As more of the shoreline becomes
armoured, terrapin habitat will become increasingly fragmented, and ecosystem connectivity will be diminished. Fortunately, this is a recognized problem in the Chesapeake Bay,
and for the last 20+ years, there has been a concerted effort
by local institutions, agencies and private groups to restore
wetlands, reduce or replace armouring with nature-based
shoreline protection designs (or living shorelines), and to
encourage best management practices for shoreline stabilization (Koslow et al., 2006). Living shorelines prevent erosion
by providing protection, restoration, or enhancement of wetland habitats through strategic placement of plants, stone,
and sand while maintaining natural coastal processes (Bilkovic & Mitchell, 2013). Many US states, including Maryland,
Virginia and North Carolina, have enacted regulations to
encourage or require the use of living shorelines instead of
traditional armouring, such as bulkheads, for shoreline erosion control. Preferentially selecting a living shoreline
approach over armouring to stabilize a shore may help to
maintain or even enhance terrestrial–aquatic connectivity for
terrapin throughout its range. Our study adds to the growing
body of evidence for the importance of maintaining shoreline integrity over a large spatial extent.
Low-intensity development may have many of the same
effects on terrapin distribution as agriculture. The density of
synanthropic predators can be relatively high in these areas
(Neatherlin & Marzluff, 2004), and terrapins lay their eggs in
the low-quality habitat around houses (R. E. Isdell pers.
obs.). Urban areas also have relatively high densities of recreational docks and piers (Isdell, 2014). Several studies have
demonstrated that near docks, diversity of nekton is relatively low (Scheuerell & Schindler, 2004; Able & DuffyAnderson, 2006), submerged aquatic vegetation is limited
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(Burdick & Short, 1999; Shafer, 1999), and boat traffic is
high (Liddle & Scorgie, 1980; Asplund & Cook, 1997), all of
which may negatively affect terrapin occupancy. Many waterfront property owners also deploy recreational crab pots,
which are identical to commercial pots, from their docks.
Virginia law allows two pots per person per household (VA
§28.2–262). More than 47,000 docks are along Virginia’s
coastline, and recreational pots may be a substantial source
of terrapin mortality. Additionally, because most docks occur
in the relatively shallow waters that are inhabited by terrapins, many more recreational pots than commercial pots
may overlap with terrapin habitat (Harden & Williard,
2012).
The strong, negative association of active crab pots with
terrapin occupancy is in line with our hypothesis and other
studies that have demonstrated the detrimental effects of
crab pots on terrapins (Roosenburg et al., 1997; Dorcas
et al., 2007; Wolak et al., 2010). Our threshold of ≥ 9 active
pots within a 270-m neighbourhood indicates that a relatively high crabbing pressure is required to affect terrapin
occupancy. Local terrapin abundance, however, may be
affected by lower levels of crabbing pressure. Some locations
with lower crabbing pressure could be occupied by a declining population, possibly resulting in a lag effect on terrapin
occupancy. We suspect that crab pots affect terrapin connectivity in much the same way as a gill net catches fish. With a
set mesh size, gill nets passively capture those animals that
are the correct size to be caught and those unlucky enough
to become entangled. Crab pots may act similarly as a filter
to connectivity. Of the adults, crab pots primarily catch male
terrapin as they are small enough to fit through the openings
in the crab pots (Roosenburg et al., 1997). Some juveniles
are small enough to escape, and mature females are often
too large to fit. Thus, as male terrapin have been documented as the most important for dispersal (Sheridan et al.,
2010), crab pots may reduce immigration/emigration success
among habitat patches.
One contradictory result was the positive relationship of
derelict crab pots to terrapin occurrence. This variable had
the smallest relative effect of all variables. One possible explanation for this result is that for each pot removed from the
water, there may be a slight increase in terrapin survival due
to the removal of those potentially deadly traps. The small
positive result could also be a statistical anomaly. Derelict
crab pots were recovered with the use of larger, deeperhulled boats than are typically used by crabbers when they
set and retrieve pots. This led to an undersampling of the
shallow waters where terrapins and crab pots are more likely
to overlap. An alternative hypothesis is that high-quality terrapin habitat overlaps with high-quality blue crab habitat,
and therefore, we see an increased fishing effort in those
areas. However, this seems unlikely as we have found a
strong negative association between active crab pots and terrapin occupancy. The active pots that were counted at each
site are, therefore, more likely to accurately reflect the negative impact that crab pots are known to have on terrapins.
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When examined together, the variables identified by this
study significantly affect terrestrial–aquatic connectivity in
the region. Although we cannot assess the likelihood of gene
flow among meta-populations of terrapin, as our study
focused on local factors associated with terrapin occurrence,
one could imagine a dramatic reduction in gene flow among
meta-populations where the terrestrial–aquatic connectivity
was impaired. The dispersal of male terrapin between metapopulations, for example, would be reduced by high numbers of crab pots in which terrapin drown. In addition to
reduced gene flow, Wolak et al. (2010) found that terrapin
in the Chesapeake Bay are significantly larger and mature
faster than other populations in the Mid-Atlantic, indicating
that crab pot-related mortality may have resulted in directional selection in local populations. Because of the spatial
overlap between terrapin habitat, some commercial crabbing,
and most recreational crabbing, implementation of measures
to reduce crab pot-related terrapin mortality would be
recommended.
The results of this study have direct implications for management throughout the terrapin’s range. Salt marsh conservation, the expansion of shoreline armouring and coastal
development, and bycatch in fishing gear are important
issues not only from Cape Cod, Massachusetts to Corpus
Christi, Texas, but throughout coastal regions of the world.
Additionally, all of these factors are likely to be affected by
rising sea level. As sea level continues to rise, the extent of
salt marshes along the Atlantic coast is likely to decrease
substantially (Titus et al., 2009). Much of this loss will be
due to interactions between rising sea level and the prevention of inland migration of marshes by topography, including embankments with steep slopes and shoreline
armouring. In regions where subsidence is occurring, such as
the Chesapeake Bay, marshes likely will be unable to accrete
vertically to keep apace of anticipated accelerated sea level
rise without a significant sediment source (Craft et al.,
2009). Although we do not know how other factors such as
bank erosion might provide sediment to sustain marshes
(Bozek & Burdick, 2005), the cumulative effects of sea level
rise, the human response to protect personal property and
subsequent loss of marshes would exacerbate terrapin habitat
loss and result in further decreased terrestrial–aquatic
connectivity.
We are the first to identify numerous spatial scales of
effect and to quantify ecological occupancy thresholds based
on field observations and models evaluated with independent
data for terrapins in any segment of their range. The methods developed for this study also provide an inexpensive and
effective tool for monitoring terrapins. If applied over a
longer time, the approach may also afford scientists the ability to identify and assess the factors that lead to site-level
colonization and extinction (MacKenzie et al., 2006). Our
methods may also be applicable to study other aquatic turtle
distributions in riverine systems that flow through complex,
heterogeneous landscapes. In the Chesapeake Bay, conservation efforts could include increasing the riparian buffer of
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agricultural fields, limiting future shoreline armouring in
areas below the 17% threshold, requiring turtle excluder
devices (TEDs) on those crab pots that overlap with terrapin
habitat, and a strong effort to maintain extensive salt
marshes. Improving terrapin habitat quality would also have
positive effects on other estuarine species, as demonstrated
by Roosenburg et al. (2003). The thresholds identified in this
study provide spatially explicit, data-driven conservation and
restoration targets for the Chesapeake Bay, while the methods provide a cost-effective and efficient way to establish
those targets in other systems.
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